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Abstract

Three methods, laser induced resonance fluorescence,
excitation to a shorter lived level from a metastable level,
and ionization spectroscopy are examined for feasibility of
detecting and measuring calcium evaporation from a type B cath-
&> uptPy
transition of calcium ic the most promising and the easiest to

ode. Laser induced fluorescence of the 4sls (4226 2)

implement. JIonization of the calcium atoms after they have been
. L3 . .

excited by a laser to the metastable Pl state is feasible but

requires redesign of extant equipment to implement. Excitation

to a shorter lived level from the metastable 3P state is fea-

1
o]
sible for the transition from the 3D2 (4435 A) level and not
feasible for the 331 (6122 X) transition. Sensitized fluores-

cence and stimulated emission involving excited calcium atoms

is examined and discarded. Calcium evaporation rates are semi~
quantitatively related to barium evaporation rates to take ad-
vantage of the more extensive literature on the latter. Limited
experimental data is preusented which indicates that an observa-
tion reported by another researcher of the barium evaporation
rate decreasing after the cathode exceeded 1200° K is not at-
tributable to pulse pile up error in the photon counting system
but is most likely attributable to a cathode physics phenomenon.
An argument for switching the course of future experiments from
cvaporation rates vs lifetime studies to evaporation rate vs

cathode temperature is made. All calculations are based upon

vi




‘ experimental results of previous workers and are order of mag-

nitude rather than a rigorous treatment.
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EXAMINATION OF THE FEASIBILITY OF DETECTION OF CALCIUM EVAPORA-
TION FROM A TYPE B DISPENSER CATHODE BY LASER INDUCED PHENOMENA

I. Introduction

The military communications satellite program projects a
need for traveling wave tubes (TWTs) with a current generation
and lifetime capacity exceeding present tubes (Ref 1:5). Pres-
ent cathode technology cannot meet the projected requirements.

J. L. Cronin of Spectra Mat (Refv2:23) has flatly stated that the
cathode industry probably cannot produce such a cathode within a
few years either. His assessment is probably accurate since past
cathode improvements have relied on empirical data and serendip-
ity. No definitive theory of cathode physics exists which re-
liably predicts cathode behavior as a function of construction
and manufacturing processes. Reliance on past methods of cath-
ode improvement will not suffice to meet the stringent perform-
ance criteria expected of space-born TWTs. It is not even known
it the projected requirements are physically feasible. A viable

theory of cathode physics is sorely needed.

Background on Cathodes and Their Operation

Rather than relate the entire history of cathode develop-
ment here, the interested reader may find an excellent rendition
by Cronin (Ref 2). Only the essentials which bear directly upon
the problem this thesis addresses are mentioned.

A cathode generates current by thermionic emission. The

cathode is indirectly heated (Figure 1) and electrons are emitted
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from the cathode. The Richardson-Dushman equation in its sim-
plest form relates the current density to the temperature as:
- T
J = ATQe ¢/kT (1)

where

J is the current density (A/cmz)

A is the thermionic Richardson constant

T is the temperature (°K) 1
¢ is the work function (eV)

k is Boltzman's constant

'rom Eq (1) it is obvious that by decreasing the work function
or increasing the temperature, the current density can be in-

creased. The temperature at which the cathode operates cannot

be indefinitely increased to obtain any desired current density
because too high a temperature has a deleterious effect on cath-
ode life. Practical tradeoffs must be made between cathode tem-
perature and current density. Lowering the work function is the
most desirable way to increacse the current density and cathode
life.

Modern cathodes are either the dispenser type B (Figure 1)
or a variation of it. The B type consists of a porous tungsten

plup mounted in a refractory sleeve, usually molybdenum, through

which the additives in the reservoir can diffuse to the surface
of the cathode. The additives serve to lower the work function
at the surface. The object of the variations to the type B cath-
ode is to lower the work function still further and/or extend the

life of the additives. Extant variations fall into three basic
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'A categories:
(1) Variation of the molar proportions of additives
(2) Variation of porosity of tungsten matrix
, (3) Coating of cathode with thin films of refractory
’ ﬂ metals (osmium-ruthenium or osmium-iridium)
! Additionally, experimental work is being carried out in a fourth
i
i category:
f (4) Mixing the tungsten matrix with osmium, rhenium, or
\ iridium.
i The additives used to lower the work function are the
b Group IT aluminates. Some combinations in common use are (Ref
1 3:1):
‘ Composition (Mole Ratio)
: BaO Cao A1203
)
: Y 1 1
; 5 3 2
' ' 5 0 2
.
‘] 2 1 1
®
X 3 1 1
1
' ' 1 1 1
-
distorically the 5Ba0, 3Cao0, 2A1203, henceforth referred to as

ceither the 5:3:2 or type B cathode, is meant when the type B cath-
ode is referred to. It is the 5:3:2 cathode which is treated in
this thesis. Subsequent mention of "the cathode" refers to this
type unless stated otherwise.

Tt is the barium, calcium, and oxygen which appear to be
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the active elements in lowering the cathode work function and

prolonging its life. The additives are introduced into the

reservoir as barium and calcium aluminates because BaQ and Ca0

alone are hygroscopic. The chemical reaction which produces

free calcium and barium is presented later.

Although there is some disagreement (Ref 4,5,6), the pre-~

ponderance of research tends to support the following statements

about dispenser cathode characteristics:

(L

(2)

¥

qe
L W4

(4)

(5)

(6)

A barium monolayer completely covers the cathode ex-
cept for the pores in the tungsten (Ref 7,8,9,10:383,
11:255).

There is a monolayer ol oxygen between the barium
monolayer and the tungsten surface (Ref ibid).

There is a partial understanding of how the monolayer
decreases the work function in terms of chemisorption
of an electropositive species and a resultant dipole
layer (Ref 1:67-75).

Barium evaporates from the surface or pores of the
cathode and is replaced by barium from within the
reservoir (Ref 12:398).

The barium monolayer coverage of the cathode is main-
tained throughout cathode life (Ref 9:434¢, 13:173).
The initial evaporation rate of additives from a new
cathode is large and falls off steeply in the first
hundred or so hours of operation. Then barium and

calcium depletion rates relax as t_l/2 and t-1/3

respectively (Ref 14, 15:2898).
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(7) Calcium serves to slow the barium evaporation rate
(Ret 2:19, 15:2898).
(8) Surface studies show that after the initial burst
of evaporants (probably a result of the detritus
left on the surface by manufacturing process), the
surface contains only barium, oxygen, and'tungsten
(Ref 16:287). Calcium is conspicuously absent from
the surface above 1500° K. Jones reported that cal-
cium was absent in evaporants of the type B and M
cathodes (Ref 11:255) while Sickafus failed to find
calcium in pore deposits (Ref 17:218-219).

(9) The cathode fails when the additive reservoir is
depleted (Ref 9:4345).

(10) There is no agreement of the transport mechanism by
which barium arrives at the surface. Rittner sug-
gests.Knudsen flow (Ref 8:1471) while Brodie sug-
gests migration (Ref 14:161).

There are three probable reasons why there is disagreement
among the different researchers. The first is the difficulty of
replicating a working vacuum tube environment. Depending upon
the characteristics each researcher is exploring, the tube envi-
ronment may be more or less faithfully reproduced. For instance,
surface studies preclude placing the anode at the normal distance
from the cathode whereas current versus time studies can be con-
ducted without disturbing the tube environment. Partial pres-
sures of residual gases are known to have a significant effect

on tube lifetime; experimental conditions do not replicate the
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environment of manufactured tubes. The second reason for disa~-
greement is that different researchers have used different tech-
niques to study cathodes. Different experimental approaches have
led to conflicting results probably as a result of the environ-
ment replication problems just mentioned. Third is the tacit
assumption that characteristics such as barium/calcium evaporation
rates, replenishment rates, current density, and cathode life
differ only by degree and not mechanism between oxide coated
cathodes; B,L,M dispenser cathodes; and impregnated cathodes.
Perhaps the falsity of this assumption explains why calcium has
been consistently observed in the evaporants from all calcium
aluminate impregnated cathodes but not in the evaporants from all
the modern B dispenser cathodes. Furthermore, there is some am-
biguity about the difference between dispenser and impregnated
cathodes.  Farlier "the reservoir" was mentioned. The reservoir
can mean either a void hbeneath the tungsten plug or it may mean
the interstices of the tungsten plug. When the interstices con-
stitute the reservoir, cathodes are referred to as impregnated
dispenser types (See FPigure 1). FPressed cathodes, where the
tungsten and additives were mixed together and pressed to form a
plug, look lite but do not function like impregnated cathodes.
The haziness ot cathode nomenclature should make a researcher
wary of correlating results. l'or example, Sickafus (Ref 17:213)
reters to "dispenser cathodes" which presumablyare impregnated
and exhibit a1 barium evaporation rate which is proportional to

- 9 » - .
t 1/‘. Futledgpe calls a cathode, which is not impregnated, a




"dispenser cathode" and concludes that barium evaporation is J
proportional to 1/t (Ref 18:836).
&—A
‘a
c L. type dispenser (Ref 19)
E
(o
e—F
c M type dispenser (Ref 2)
Py -
ﬂ €<——D
E
A‘___-F
— ¢ Modern B,S,A type dispenser (Ref 3)
e—D
r——e
®
€ H
< 2 Oxide coated #
A
A: Porous tungsten plup (: Osmium-ruthenium, osmium-
‘iridium thin film
B: Reservolir for additives
. H: Group II oxide coating
C: /\.l?O3 potting
D: Molybdenum sleeve
E: Heater Filament
F: Impregnated porous tungsten plug

Figure 1. Types of Cathodes




It is believed that the barium-oxygen monolayers on the
surface are the primary agents in reducing the work function.
Calcium is thought to play a role in retarding the barium evapo-
ration rate but not in directly altering the work function (Ref
11:255). A model which explains the oxygen-barium monolayers bond-
ing on the tungsten surface was presented by Green (Ref 20:42-68).
Briefly, his model classifies metals into three categories based
upon the geometric disposition of bonding orbitals at'the'metal
surface. Category I metals (Mo, W) have vacant d-orbitals per-
pendicular to the surface. The bond which oxygen forms with the
substrate metal distorts the oxygen valence electron configuration.
As a result of the distortion, the barium-oxygen bond at the sur-
face is covalent rather than the typical ionic bonding observed
in bulk BaO crystals. A dipole moment is induced in the BaO lay-
er with the positive side toward the external surface. Category
Il metals (Re, Os, Ir) enhance emission but do not form a dipole
Tayer. Category III (Pt) degrades emission.

The model accounts for several experimental observations.
Auger and x-ray photoelectron spectroscopy (XPS) data have shown
that the chemical bond between Ba and O on the surface is not the
same a& that in bulk Ba® and 1o in fact more covalent than ionic.
The work function on different crystal planes on the surface are
known to vary in what is commonly called patch effects. Patch
effects could be construed to occur because of the extreme di-
rectionality of the covalent bonds and the resultant dipole mo-

ment. The model also successfully predicts which metals will




have good emissive characteristics and which will have poison-
ing effects. Combining Green's model with Jenkins' (Ref 21:354)
discussion of activation by an electropositive contaminant pro-

duces insight into why the oxygen-barium monolayers are so suc-

cessful in lowering the work function (Figures 2 and 3). Since

contaminant contaminant
{ Metal monolayer Metal monolayers
(d) (b)
]

3 Figure 2. Dipole Monolayers (Ref 21: 354)
q
}
i

] 4med
LEVEL

r FERMI
r
u
!

MONO
LAYER VACUUM

METAL

| N I'igure 3. Potential Energy Diagrams for
; . - Metal Surfaces (Ref 21:354)




the reduction in work function is proportional to the dipole
“ separation, d, (Ref 21:354) then the oxygen-barium monolayers
are particularly effective, because d is larger for the oxygen-
barium layer than for a single species monolayer. While Green's

model provides a partial understanding of how barium reduces the

I
L
work function, there is no analogous understanding of the barium
and calcium replenishment/depletion mechanism. Barium evapora-
‘ tion has been more extensively studied than calcium. Evaporation
; studies to date have largely relied upon the Becker method. In
‘ the Becker approach, a clean tungsten wire is exposed to an evap-
. | orant stream which coats the wire. The wire is resistively heated
to a low enouph temperature to preclude evaporation of the coat-

1 ing. The thermionic emission from the wire is measured as a

. tunction of time. The maximum emission rate of the wire is pro-

portional to the reciprocal of the barium evaporation rate from
the cathode. The Becker method is combined with chemical analy-
5is to produce absolute evaporation rates. There is some content-

ion over the evaporation of calcium. Certain researchers have

AR et

noted calcium depletion within the cathode, yet others have failed
to find calcium on the cathode surface or in the evaporant stream
of type B and M cathodes. Since it is the calcium and barium de-
pletion which ultimately causes cathode failure, an understanding

of the depletion mechanism could lead to improved cathodes.

-

Problem Ytatement and Scope

This thesis addresses the design of an experimental method

to detect and quantitatively measure the instantaneous evaporation

10
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} : the cathode.

tages are discussed.

modifications.

by quantum mechanical methods.

Assumptions

reader:

e Mg

(1)

(2)

(3)

)

.

—~

(5)

rate of calcium from a dispenser cathode over the lifetime of

Three methods and their advantages and disadvan-

The methods were chosen on the basis of

employing an extant experimental apparatus with a minimum of

There is no attempt to treat the evaporant gas

Rather, order of magnitude cal-

based on available data in the literature are made to

illustrate the feasibility of each approach.

' Since the body of experimental evidence for cathode be-
havior is in conflict, the assumptions employed throughout this

i paper are consolidated and presented here for convenience to the

Calcium evaporates from the calcium impregnated dis-
penser cathodes.

The calcium evaporation rate is proportional to the
depletion rate which follows a t~1/3 decay.

Calcium is not present on the cathode surface after
the first few hours of life. It is present deep
within the surface pores. Consequently, most of
the escaping calcium gas leaves the cathode nearly
perpendicularly.

The calcium evaporation rate can be related to the

barium evaporation rate.

Quenching of laser excited atoms is minimal because




of the low pressure.

(6) The calcium evaporation rate that is calculated is

taken to be smaller by 0.00) as a conservative es-

evaporation rate is examined (Ref 22, 23). Then a method of

i timate.
; Order of Presentation
A discussion of the problem of detecting calcium is pre-
i sented first. Direct laser induced fluorescence to measure the
|
!
;
{

pumping the atoms in the metastable state to a shorter lived
state is considered. Henceforth, this method is referred to as

! "double pumping". Next, the application of ionization spectro-

{ scopy methods are proposed. Other methods which were considered
but discarded are briefly discussed. Methods to calibrate the
laser wavelength, other than the optogalvanic effect, are brief-
ly discussed. Recommendations for the direction of future ex-
periments are given. Finally, conclusions and recommendations

are stated.
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II. Problem Analysis

Discussion of the Problem

Laser induced resonance fluorescence provides a method
o' obtaining absolute measurements of evaporant céncentrations
as low as 102-103 atoms/cm3 (Ref 24:204, 25:27). Two previous
workers (Ref 22, 23) successfully employed laser induced fluo-
rescence to measure absolute barium evaporation rates from dis-
penser cathodes operating at various temperatures; both recom-
mended application of the same techniques to measure calcium
evaporation. Lxamination of Tigure 4 reveals some constraints
to the application of laser induced fluorescence to calcium
which do not occur tor barium. Of the two resonance transitions

o
for calcium, the Msls&—>lqﬂT> (4226 A) is difficult to work

1

with becaune of dye laser instability and low output power in

the 4200 ﬁ r (6573 K) transition is

.pion. The Hm]SdF—)Hp3Pl
cany to exeite because the dye laser is stable and has suffi-
cient output power to redch nedr saturation in the 6500 Z wave=
length region, but up3Pl state is most unfortunately metastable.

An initial attempt to detect calcium evaporating from a
cathode by inducing laser tluorescence from the 3P1 state was
frustrated by two factors. TVirst, the hollow cathode tube wave-
length tuning method could not be used because the Ca hollow
cathode tube 15 not responsive to the 6573 X wavelength. Second,
the upjvl state i metastable with a 0.39 m sec lifetime (Ref

28:75). Assuming that the calcium atoms leave the cathode per-

pendicutarly (more will be said about this later), one degree




> 1 m sec

(a) Barium

SINCLET SYSTEM TRIPLET SYSTEM

l&pl l’l

L

T .39 m se(

(b) Calcium

Not to scale

Figure 4. Partial Grotrian Diagrams for Calcium and Barium
(Ref 26:340-358,27:E-341)
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of freedom can be associated with the atomic kinetic energy.
Thus, by the equipartition theorem, the velocity is given by the

tollowing equation:

Vrms = i%I (2)
where

Vrms 1is the root mean square veiocity (m/sec)

k is Boltzmann's constant

T is the temperature (°K)

m is the mass (kg)

If the cathode operates at 1050 °C, Vrms of Ca is about

524 m/gec. During the lifetime of the Mp3P state, the average

1
Ca atom will travel about 0.2 m before fluorescing. Since the

test cell walls and cold finger are approximately 0.07 and 0.03
meters away from the cathode surface, the average Ca atom will
de-excite by collision with the test cell or cold fing¢er before
it can fluoresce. Despite many attempts to observe fluorescence
from the up3P1 state by looking at a volume in the test cell just
below the cold finger and using photomultiplier tubes of differ-
ing sencitivity to separate o weak signal from the noise, no
f luoreccence wae detected.

The early frustrations in attempting to detect calcium
are not deterrent enoupgh to totally abandon laser induced fluo-
rescence. There is strong motivation to seek some way to employ
the appdratus used by Zemyan and Kasper because it is very sensi-
tive, it was most successful in detection of barium, and the ap-

paratus is available. The problem, then, is to seek modifications

15
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- to the apparatus or the detection technique which will allow the

{ detection of calcium.

Criterion for Determining Feasibility of Proposed Experimental

i Apgroaches

l The criterion for determining the feasibility of the pro-
! posed experimental methods depends upon the measurement of either
tluorescent signal or ionization current. Specific values for

) the minimum detectable fluorescent signal or ionization current

are derivable trom expected calcium evaporation rate and experi-

mental conditions.

: The extant apparatus processes the data as illustrated in
'igure 1. The sipnal (STIQ) 15 separated from the background
(BKG) by synchronizing two counters in the photon counter/proces-
sor with a mechanical chopper which interrupts the laser beam

(Fipure 8). The sipnal is composed of the fluorescent counts and

i counts from the scattering of the laser in the test cell. Clearly,

: for the tluorescent signal to be measurable, the total signal must
exceed the standard deviation oi the background. Turthermore, the
tluorescent signal must be distinpulshable from the laser scatter
signal. Blackbody radiation {rom the heated cathode is the over-
whelming contributor to the background. The average blackbody
contribution will depend on the cathode temperature and the wave-

: | lenpth at which the detection optics are tuned. Laser scatter

-,

o can be minimized by altering the position of the cathode to the
laser Leam.

The question of the mapnitude of the blackbody radiation

. (
. [}
3 at the wavelength of barium fluorescence (5535 A) as opposed to
: 16
i
; ',
A — e 7 jm-..)‘
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calcium fluorescence (4226 R or 6122 Z) arises at this point.
The Planck distribution is plotted in Figure 5b. The n values
corresponding to wavelengths of interest are in the range of
17.79 < n < 28.39 which is in the tail region of the curve. The
n values were calculated from n = hw/kT for 5535 Z at 1200° K
(927° C) and for 6122 Z and 4226 R at 1323° K (1050° C). It is
worthwhile to compare the expected background at the rated type
B cathode operating temperature (1323° K) to that noted by Kasper
at 1200° K. Figure 5¢ is a plot of the Planck distribution in
the range ot interest. The backsground for 6122 Z and 4226 Z
deviates from that of 5535 R by + 1 or 2 orders of magnitude.
Since the standard deviation ot the background for 5535 Z at
1200° K was found experimentally to be about 5 x 102 counts/sec
when the cathode/beam separation is optimized to yield minimum
scatter and maximum fluorescent count rate, an estimate of the
detectable {luorescent count rate can be stated. At 6122 R,

the fluorcucent count rate must exceed either 5 x 103 counts/sec
(12009 K)Y or 4 x lU” counts/aee (1323°K).  Similarly, at 4226 X,
the §luorcocent count ratre must exceed either b x IUJ counts/seu
(1200 ¥) or % = 107 counts/oee (13239 K).

The criterion of feasibility which is applied to the ion-
ization approach is that the current produced is equal to or
sreater than 1 pico-Coulomb. The choice of 1 pico-Coulomb arises
from the limitation of avaiiable current measuring devices.

Now that the general problem has been discussed and the

criterion of feasibility set for each proposed approach, we can

17




Photon Counter ComEonents

DATA = SIG + BKG
BKG = Black Body + Light Leaks + Dark Counts
, SUM = DATA + BKG
L DITT = DATA - BKC = Tluorescent Counts + Laser
= Scatter
i SIG = Fluorescent Counts + Laser Scatter + Light

Leaks + Ddark Count + Black Body

(a) TIhoton Counter/Processor

I""
~ ol \ 1323° K
i 1200° K
“Clu
6
> 10 b H
j05 ¢ a w ot
|8 3
o' ¢ e W “
- o
e 76 W a0 Al aa A2 Ay a5 ae an aF 2y n

(c) Plot of Planck Curve for Visible Wavelength

Figure 5. Summary of Photon Counting Process
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move on to a detailed description of each approach. The first

approdch is developed in the greatest detail with the analysis

methods being carried over into the second approach. The general

outline followed for each approach is as follows:

1
(2)

(3)
(%)

(5)
(6)

Define the proposed experimental scheme
Calculate the expected value of the measurable
quantity

Conclude the feasibility of the approach
Delineate the changes in apparatus required and
comment upon any difficulties

I'rovide schematic of the apparatus

Briefly describe the operation of the apparatus
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Approach I. Induced Fluorescence of the uslsg-éuplp (4226 A)

Transition

1

For the extant experimental apparatus (Figure 8), knowl-
edge of three parameters is usufficient to determine the number
of expected fluorescent counts: the number of atoms entering
the beam, the detection capability of the optics, and available
laser power. A reasonable estimate of the probable number of
calcium atoms entering the laser beam can be made based upon
the reported barium and calcium evaporation behavior. A typical
value for the detection capability can be obtained from measure-
ment of Rayleigh scattering off N, in the test cell. The avail-
able laser power is known from dye specifications and experience
with K11U and Ko40 dyes used in the apparatus.

While therc¢ is a dearth of information in the literature
on calcium evaporation rates, there is considerably more on bar-
tum evaporation rates. Based on the regsults of earlier work, it

1s possible to relate the calcium evaporation rate to the barium

evaporation rate in a qualitative way. Palluel and Shroff re-

ported that caleitum and barium depletion rates from impregnated
=173 -1/2 .

cathoden decreane as ot and t respectively (Ref 15:2898).

It it is aussumed that the evaporation rate is proportional to the

depletion ratey then

=1/3
2 = R
R Rogt (3)
and
- -1/2
RB h RBot (%)
where
RC is evaporation rate of calcium (atoms/sec)
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Roy 1is an initial calcium evaporation rate (atoms/sec)
R is evaporation rate for barium (atoms/sec)

R ) . el . .
Bo 1is an initial barium evaporation rate (atoms/sec)

Taking the ratio of Eqs (3) and (&)

C _Co t1/6 (%)
Equation (5) is not meant to be anything more than a qual-
itative cctimate. Later it will be demonstrated that Eqs (3) and
(4) are not too had an assumption. The intent is to derive a
reasonable estimate of the numbers of calcium atoms entering the
laser beam throughout the cathode lifetime. Once the number en-
tering the beam is known, the expected fluorescent count rate
can be calculated and thence the feasibility of the measurement
method throughout the cathode lifetime can be evaluated.
Since the evaporation rate does not relax to the depletion

rate until after the first few hours of cathode operation, the

time when it does was arbitrarily chosen as 100 hours (Ref 15:
s897.  Alco, the cathode being used had about 100 hours of opera-
tion time. Irom Bradie's data at 100 hours (Ref 14:158)
i
WTTW')'? = 150 at 1500° K (6)
whieere
dq/dt in the evaporation rate of additives

(monolayers/sec)

So converting to atoms/scce using the following equation

i = dq/dt ° MEAN ° A ° CP 7

—




where
Ri is evaporation rate of species (atoms/sec)

dq/dt 1is evaporation rate of additives (monolayers/sec)

MEAN is Brodie's mean for calcium and barium
(4.8 x 10”2 and 7.3 x 1078 g/cmz- monolayer)

A 1is the cathode area (cm2)

CF is a conversion factor (6.02 x 1023 atoms/mole)
40.1 g/mole

We get roughly: R, = 2.69 x 1012 atoms/sec and Ry, = 4.09 x 1013
© ©  atoms/sec.

Combining these values with Tq (5)

- 1/6
RC ~ 0.07 RBt (8)

The baci s tor Eq (8) is flgs (3) and (4). Just how reason-
able was the assumption that the evaporation rates' dependence
cnotime e represented by Bgs (3) and (4)? Ideally, if Eqs (3)
and (4) are inteprated over the cathode lifetime, the total quan-
tity of evaporant should match the quantity of additive original-
ly in the cathode. Practically, the match will not be exact.
Factors which could make the inteprated value less than the total
Are: the material that evaporated in the first 100 hours is not
accountoed tor, and the additive rcaction probably does not reach
100% completion. A factor which could make the integrated value
larger than the total is the fact that Eqs (3) and (4) express
evaporation rate au proportiondl to depletion rate. Depletion
only means reduction of additive to a level below an average
value in the "undepleted" region of the cathode reservoir. The
constant of proportionality does not include an expression for

the recistance to additive movement in the cathode. An arbitrary
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cathode life of 40 K hour could yield an integrated value which

is higher or lower than the total depending on how closely matched
the arbitrary and actual lifetimes are.
The probable reaction which generates free barium and cal-

cium gas from the cathode is (Ref 15:2899):

5 Ba0, 3 Ca0, 2 Al,0, + W22 Ba Al, 0, (9)

+ 3/4 Ca, Ba WOg + 1/4 Ca, WO, + 274 Ba (g) + 3/4 Ca(g)
Now it the averape additive weight for a Semicon type B dispenser
cathode is about 0.0325 gm (Ref 3), the right side of Eq (9) pro-

duces

120.3

1137 3.44 x 10-3 gm Ca

(.0325 gm)

and

%1%2"75’*(.0325 gm) = 1.96 x 1072 gm Ba

Of the 5 moles of barium and 3 moles of calcium, only 9/4 and 3/4
respectively become gaseous, the rest being bound within the cath-

ode. Thus, the total amount of gas expected is

L%§(3.uu X 10-3 pm) = 8.6 x 10—4 gm of Ca (g)
or (1.29 x 1019 Ca atoms)
and

2t -
2:2501.96 x 10

C
e

2 gm) = 8.82 x 1073 gm of Ba (g)

or (3.87 x 1019 Ba atoms)

Integrating [gqs (3) and (4) and remembering to change Rgo @nd Rng

to evaporation rates per hour

40,000 hr

R t‘1/3dt (10)
Co

Ca (atoms) =

100 hr
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40,000 hr .,

- - R, t dt (11)
Ba (atoms) = Bo

100 hr

which when evaluated yield 1.66 x 10lg Ca atoms and 5.6 x 10lg Ba

der of maignitude as those calculated to be the total number of Ba

and Ca atoms liberated. In using the calculated values of RBo

it should be noted too that Brodie's data was for 25%

{
1
’ p atoms. Theve values are slightly larger than but of the same or-
|
i
]

; and RCo’
porous cathodes which exhibit greater evaporation rates than the
modern 20% porous cathodes. Table I is a comparison of barium
! ' evaporation rates for different temperatures as measured by
Zemyan and Kasper. They are about one thousandth of the calcu-~
é lated value of R, . To be conservative, R and R will be

Bo Bo Co

taken as one thousandth of their calculated values to account

for the probable resistance to additive flow to the cathode sur-

face, smaller porosity of modern cathodes, and the fact that the

values were calculated for a cathode operating at 1500° K.

9

The foregoing discuscion allows an estimate of 2.7 x 10
Ca atoms evaporating from the cathode at t = 100 hours to be made.
Pq (8) 1o still valid.

Not all the calciui atoms evaporating from the cathode

% onter the laser beam.  To malbe an exact calculation of the aver-
o
gfl age number of atoms entering the beam, the distribution function
rd
4
. f (V, 8) of the evolving atoms must be known where V is the ve-

locity and 0 is the angle of departure from the cathode surface.

An estimate rather than an exact calculation must suffice because

f (v, 0) iz not known. Assume that all the atoms entering the

24
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Table I

Comparison of Barium Evaporation Rates

as a Function of Temperature

Approx Cathode R
Ba Ba
Temp (°K) (Ref 22:50) (Ref 23:56)

( x 1010)(atoms/sec) ( x 1010)(atoms/sec)

300 2.0 3.7
950 2.7 3.8
1000 5.4 4.1
1050 7.8 4.4
1100 ¥ 6.0
1200 ® 6.7
130U % 5.6

* Not reported

beam came trom the area of the cathode directly beneath the beam.
This is tantamount to saying that all the atoms evaporate per=-
pendicularly from the cathode with no angular distribution. For
calceium atoms, this is not a bad assumption of the results of
recent ntudies, which state the absence if calcium from the cath-
ode surtace, are accepted as valid. Then, if there is no Ca on
the surface, any calcium gas cscaping the cathode must have
ovolved deep within the surface pores. If the pore axes are as-
sumed to be parallel to the normal to the cathode surface, only
those atoms moving parallel to the normal would escape. With

the above assumption, the number of atoms entering the beam is




the above assumption, the number of atoms entering the beam is

illustrated (Figure 6).

fau
% '3\\\\ N AN ‘\\\\ NS Id

W~ r— e ———— . i
o
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Beam projection

i SN0V N OO N Y o NN\

onto cathode

TFipure 6. Cathode Beam Geometry

= TOTAL N PROJLCTED AREA (12)
TOTAL ARLEA
where
TOTAL N i 2.7 w107 S atemn/see 4
PEOJECTED AREA i5 arca of beam projection onto cathode

TOTAL AFEA 15 total cathode area

Hing the dimensions (D = 0.762 cm) of the cathode employed in

4 the experiment (kef 3) and a typical beam diameter of 0.5 mm
:% (Ref 29), N iu about 2.3 % ]08 atoms/sec.
P
; The detected fluoreccent power for a particular transi-
tion is
*»
Pi = (MHumber of detected fluorescent counts/sec) (13)
{ *(hu)
) 26
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and equating Eq (13) to Zemyan's Eq (13) (Ref 22:20)

Df * hu = Shvu Ntv (VCQE) (14)
812D
where

D¢ is number of detected fluorescent counts
(counts/sec)

h is Planck's constant (joule-sec)

0 is the transition frequency (sec-l)

5 is the averape number of times an atom spontan-
eously radiates at the given frequency in pass-
ing through the beam

Ny is the number density of atoms (atoms/cm3)

v it the root mean square atomic velocity (m/sec)

D is the beam diameter (m)

prg is related to the detection optics and detection
- efficiency

Nt ic piven in terms of the evaporation rate, velocity of escap-

ing atoms, and cathode area as

Nt = bvaporation rate (15)
v

Ny iv calvulable since all the terms on the right hand side of

Eg (14%) are known. It remain:. to determine S in Lq (lu4). A typ-

ical o value for VO of 4,189 10-1u stern—m3, as calculated by

«

Kasper, conpletes the intormation needed to determine the expected
number ot tluorescent counts, Dy from Eq (14).

To tind S, it is sufticient to know the Einstein coeffic-

]

f—*us'so, the branching ratio, and

the amount of time the atoms spend in the beam. There are sev-

. ., . 1
ients for the transition 4p P
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eral energy levels between the upl

ol 3 3 . .
They are the 3d D2, 3d D1’2,3 and 4p p0,1,2 states. Examination

of the CGrotrian diagrams and a listing of observed transitions

Pl state and -the ground state.

! for calcium reveals that the MplP state relaxes directly to the

1
b
‘ : pround state with a branching ratio of 100% (Ref 26:340-358,
, 30:401~-404). The branching ratio allows the transition uslSS"’
i ° .
; uplPl (4226 A) to be modeled as a two level system (Figure 7).

i The averasge number of spontaneous emissions per atom per unit of

time in the laser heam 1o

_‘fT.__‘B (16)

’1 where
S it the number of spontancous emissions/atom
Ty is the total time the atom spends in the beam
Fp is the fraction ot transitions that are spontaneous
T, 1is the time for the atom to complete one transition
T cycele
uplP

1 ‘7} Level 2

|
1
1 5 A Bo1pcuy [ Q22
., 12p () 21
s
4
. heto l v ,
'S Level 1
;
I'ipure 7. Two Level Model of Transition
. 28
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Reterring to Figure 7,

R e (o AR ey € (7
217 F21P Y 12 P
{ and
i i Fp = A?l
l A21+B21p(u)
; where
l A21 is EinsteiT coefficient of spontaneous emis-
sion (sec™ )

Boy p(uv) is rate of stimulated emission (sec-l)

By, p(v) is the rate of absorption (sec™ 1)

p (V) is the spectral energy density of the radiation
field doulo_)

(

m=huz

Quenching has been ignored because of the low pressure in the test
cell. Bv use of the following relationships and knowledge of A?l’

£ and £y fuor the transition (Ref 27:E-314),

A - ] 3
Ge- T b (19)
21 N
and
Byot Boy#oy (20)
’ n , - _ . . 20
! The value . tor H[? and Hvl are found to be 9.88 x 10 and 2.896
: , : :
1 x 10 : (— m; ) The spectral energy density is
) —).
.__'{ Joule=-gsec
I
.
- p(U) = p 2
A Avuc (21)
24
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where
P is incident laser power (watts)
A i{s beam cros: sectional area (m2)
Auv  is the laser line width (hz)

e is the speed of light (m/sec)

From experience, the apparatus has been found to deliver 50-100
mW to the test «ell. Choosing the lower value to be conservative
and using typical values of .5 mm for the beam diameter and 10

GHz for Au, one finds p(v) to be 8.5 x IO-IQ(Joule—sec). The

3
total time is just m

Tt = Bpamvdxunuwew' (22)
rms

The Iqs (16)-(2?2) yield an approximate value of 94 forr S.  Lval-
uation ot Eq (14) reveals that an expected fluorescent count rate
of about L ¥ 103 counts/see would be detected under the operating
conditions ascumed.

The: conclusion b0 that caleiam dJetect lon would be tea-
cible uoiny thi cchemes CThe vxtant appeara by would have to e
mod it ied lbisht by (Pieare 8. Phe pump baer would hoave to be
replaced with one capable of deliverings 1.5 W oat 341,07 and we3.s
i it il 420 b the recommended dve tor the dye laoer.,
The FCA 8850 photomultiplicr tube which has a gpectral response

ot “bU-tL0 nm could boe retalned.,

AU
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Description of Operation

A pump laser (351-363 nm and 1.5 W output) excites a tun-
able dye laser {(Spectra Physics model 375) charged with Stilbene
420 dye. The dve laser is tuned roughly to 4226 A by diverting
the output beam into a 0.5 meter Ebert monochromator. Tine
tuning to the atomic trancition is accomplished and continuously
monitored by the optogalvanic efifect in the calcium hollow cath-
ode tube. The pas discharge in the tube reaches a steady state
unless dinturbed by radiation of a wavelength matching an atomic
transition of one ot the gas species. The voltage across the
gas discharpe is monitored for the optogalvanic effect by a phase
loct amplificer.

Once the laser beam is tuned to a resonance wavelength,
it is focused by a lens and passed through the evacuated test
cell parallel to the top of the cathode and perpendicular to the
view port. ‘VPluorescent radiation {rom the evaporant pacsses through
the view port and 1o focused on the input slit of a 0.25 m LCbert
monochromator.  The monochromator is tuned to the resonance transi-
tion thus acting as o tilter to background radiation.

The fluorescent radiation is then passed through the photon
count ing ctystem whioh ennniasts of the photomultiplier tube (RCA
#850), an amplitier/diccriminator, and a photon counter/processor.
The counting cyotem is synchroniced with o mechanical chopper
which chops the laser beam before it enters the test cell. Chop-
piony the beam allows {or separation of the background from the

Lifnal by activation of two counters corresponding to the laser
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on/laser oit condition.

Approach 1I. Double Pumping of the Calcium Atoms

1

o
Although the usg SG—aup3r (6573 A) transition is easily

0 1
excited Ly a laser operating with R640 dye, the metastable nature
ot the upper state denies detection of calcium by monitoring fluo-
rescence from the up3Pl state. I1f, however, the atoms are double
pumped from the Hp3P] “tate to another state which has a short
lifetime, the fluorescence from the uppermost state could be mon-
itored and related to the calcium evaporation rate. There are

two simple wiys to paln double pumping: one is to use a flash

lamp to evxcite absorption from the up3P state, and the second

1

is to collinearly irradiate the atoms with a second laser beam




used by workers measuring the Hp3Pl state lifetime (Ref 28:31).

'ipure 9 illustrates the two methods.

A

i P'irst the calcium atoms are pumped by a laser to the kp3Pl

. ‘ state and then to a second level. Obviously, there are three

criteria relevant to the second level. The level must be sepa-

e e

rated from the up3rl state by an energy difference that is with-

in dye laser range. The level should have a short lifetime (10_7

seC or shorter). Finally, the second level should relax by only

one or at most two paths to lower levels. A perusal of refer-

ences (26) and (30) leads to the two possibilities of Hp3P“" f

1
1 Lo 3 3 o . .
55 5 (6122 A) and h4p PY—*ud D, (4435 A). Baskin's Grotrian
[e]
diapram aloo lists o |I]r3l‘(]‘;—7» ():;1SQ (5581.97 A) intercombina-

. o s . . . 3. &
tion (Fet 76:358), but Striganov disagrees, listing it as 3d'Dj

up‘3D: (ket 30:402). The litetime for the 4d3D2 state is 1.5 x

! 1078 Soe und for the 5ﬁ331 i 3.5 x 10‘8 sec (Ref 27:E-3u42).
Both levels apparently relax to the ud3P1 state only and the

3 1 . s s
4d Py state relaxes to the 4y 5o state only, thus simplifying

RV N

the analy:cis considerably. This approach reduces to a three

level model (Pipgare 103,
Since level 2 15 metastalble with a lifetime that is long
campared Lo o the Cime the atoms: are in the laser beam, the three

level model can be approximated as a two level model between

Of' levels ¢ and 3. Then il similar calculations are made as for

'b

[¢]
u3186—§Np1P1 (4226 A) trancition, the expected flourescent signal
detected 15 about 1.3 » 10° countu/usec for the up%]c——'ud?’l)?

o . y 3 3
(4435 A) transition and 6 x 10° counts/sec for the 4p P#FSsTS,
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o 3 . - - .
(6122 A) transition. A p (0ot 8.5 x 10”14 Joule) corresponding
m -HZ
to a dye laser power output ot 50 mW was assumed.
The conclusion is that this approach is feasible for the
o o]
Bu35 A trunvition and unfeasible for the 6122 A transition based
upon the criteria developed carlier in the problem analysis sec-
tion. Since the up3Pf“9ud3D” trancition would require the dye
r4

laser to incorporate Stilbence 420 dye, this approach has no ad-

vantages over the first considered.

yadn) or 5535
Level 3
Boap () Y Byops(uy | Q2
MP3P1
Metastable Level 2
3
By o0 () Aoy Botowy | @1
l‘t‘l(‘
500, Level 1

Pipure 10. Three Level Model of Transition
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Approach III. JTonization

Atoms can be ionized either by absorption of light quanta,
field ionization, or inelastic collisions with electrons, neutral
particles, or ions. Impact ionization requires elaborate appara-
tus to focus and ionize the atomic beam. Since the atomic beam
must be dense to offset the sparsity of Ca atoms, impact ioniza-
tion is not well gsuited to the problem. A dense beam could scat-
ter and erode the cathode surface. Tield ionization was not in-
vestipated because of time constraints. The remaining option is
ionization by light quanta.

Excited atoms are easler to ionize than those in the
pround state. Since the first ionization energy of calcium is
6.11 eV, excitation of the atoms is necessary to achieve ioniza-
tion by absorption of light quanta. Unfortunately, the calcium
atoms do not leave the cathode in an excited state. Comparison
«t the number of atoms in the lowest excited state to the ground
state at the cathode operating temperature (1050° C) gives

o=t /KT
SR, -11
ToF L hp/kT 10 (23)

1t the calcium atoms are excited by a laser beam before being

ionized by further absorption of lisht quanta, the task is made
easicr (I'lpure 11). [Ixcitation to a metastable .evel is pref-
erable oo that lonses from the eoxeited level to ground state are
nepligible over the time span the atoms are in the beam. Ioni-
zation «f calcium from the Hp]Pl state requires light of 3904 A

o
and from the up3Pl state light ol 2935 A.  Incandescent lamps,




enclosed low pressure arcs, and metallic arcs with incandescent
electrode are all sources of continuous spectra in the near ultra-
violet ranpe (Ret 33:166-198). I'ipure 12 delineates an experi-

mental cetup.,

em™! 43305.72

7: 1?* ‘T* Ionization limit

(3.18 ev)

JabLD L0 T o s “Plpl

(4.23 ev)
5210, 06 ¢ A up3p
1
(l>. 1l I‘V)
A ,L_ L
uk) .\O

Fignare 1. lonization Limit of Calcium

The maximum sipnal that cuch o configuration could pro-
duece i
ko, e
I = f.f (24)
i ——-—
wheare
t it the time of charge collection (sec)
b io number of Ca atoms entering ionization volume

(atoms/sec)
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o i. the fundamental electric charge (1.6 x lO'lgcoul)
f. is {rvaction of Ca atoms ionized

1(: i fraction ol olectrons collected

Tt all the atoms were lonized, all the resultant electrons were
collected, and there were no leakage of cathode produced elec-
trons pust the negative plate at the ionization volume boundary,
the maximum signal is 4.3 x 10_10 Amps for 2.7 x lO9 atoms/sec
being lonized.  0Of course fi and fc are not ever going to be unity.
However, pico coulomb currents are measurable. Conservatively,

if only 1% of the atoms are ionized and 10% of those are collected,
the current would be measurable.

The conclusion 1o that detection of calecium atoms by loni-
sation is feasible.  Practical considerations could become a prob-
lem thousy e Tntroduction of charged plates to collect the ioni-
21t ion current could have an unknown effect on the evaporation

chardcteristics of the c¢athode. This method should be considered

onily it the flrst approdach discussed cannot be made to work.

beseription of Operation

The pump laser excites the dye laser which is tuned to
6573 X. The dye laser beam is focused above the cathode, excit-
‘np the evaporating Ca atomu to the up3Pl metastable state. The
excited atoms pass through the slit in the lower electrode which
is negatively charged to deflect the cathode emission current. A
UV light source with a component at 2935 A in synchronization
with the chopper open interval is focused into the volume between

the clectrodes. The excited Ca atoms are ionized and the ioniza-




PUMP WAVEMETER
LASER
¥
DYE
LASER CATHODE
IL—
" | m—— ,/
TEST CELL
LENG ]
TONIZATION

LAMP (COULD ALSO
BI. PLACED FEXTERNALLY)

TONIZATION

'LASH LAMP TILUMINATELS
SPACE BETWELN PLATES
ONLY

(:;¢;/ T

HOLE
I LOWER PLATE FOR EVAP-

CATHODE ORANT TO PASS THROUGH - +

Pigure 12, Tonization Apparatus




tion current is collected by the positively charged upper elec-

trode. If the view port is constructed of material transparent
to the UV spectrum, the light source could be external to the

test cell.

Other Methods Considered

Sensitized fluorescence and stimulated emission were con-

sidered and discarded as viable methods of detecting and measur-

[

ing calcium evaporation rates. Sensitized fluorescence occurs

in gases and liquids when excited atoms of one type (donor atoms)
transter the excitation energy to atoms of another type (acceptor
atoms). The transfer of energy occurs only if the acceptor atom

has an unoccupied electron enerpy level of near resonance to that

of the donor atom. Thus, in principle, calcium could be excited

3. . . .
to the up Pl ctate, transfer 1ts excitation energy to an acceptor

e

atom's short lived level, and the resultant fluorescence measured.

There are three compelling reasons why sensitized fluorescence is

not suitable to the problem:

(1) toiconing or ion sputtering of the cathode by accep-
o ran (et 3w cu7).
()  Acceptor pas pressure would have to be on the order

of mTorr for the probability energy transfer to be
significant.,
= (3) Calculating the avent cross section and energy trans-
. fer rate falls into the category of quantum mechan-
ical "hard problem"™. It is doubtful that a quanti-
tative relation between the sensitized fluorescence

intensity and calcium evaporation rates could be de-

rived.




e —

Boosting the stimulated emission rate from the up3P1 state
was aluo considered. FEnhancement of the stimulated emission rate
above the natural rate requires population inversion. Population
inversion cannot be accomplicshed via a two step pumping scheme
such as the uslsgki*up3pl transition. The calcium eléctronic

structure does not lend itself to the ideal three or four step

pumping ocheme (P'igure 13).

3 "

fast decay fast decay

L T

/ . lasing
pumping
vy .,
pump ing laving
fast decay
1 — 1
Pipure 13,  Jdeal Pumping Schemes for Inversion (Ref 37:10)

Weavelength Caliloation

All of the methodn dicscusnced require setting a laser at a
apecific wavelenpth. Tuning the laser via the optogalvanic ef-
feet ic only applicable for #4226 R because that is the only cal-

cium transition the calcium hollow cathode tube responds to.
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Tuning tn the 6573 A, 6122 X or 4435 R transitions must be ac-
complished in some other way.

Most modern wavemeter:s omploy interterometry to measure
wavelenyth. Other methods measure the absolute frequency of the
E laser trom which the wavelensgth is obtained by the relationship
¢/uv (Ret 34:188-195). Hinsch has devised a self-calibrating

grating for wavelength measurement which is superior to conven-

tiondl interferonwtric methods (Ref 36:423). In future experi-
ments involving laser induced fluorescence where the optogalvanic
effect is not suitable for mecasuring the laser wavelength, Hdnsch's

method could be employed.
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IT1. Direction of Puture Experiments

The ultimate goal of using laser induced {luorescence
to study the behavior of cathode evaporants is to gather enough
signitficant data to construct a model of cathode physics. Per-
haps litetime studies of evaporants may not contribute as greatly
to the goal as first envisioned. Lifetime studies of evaporation
rates are not amenable to being conducted in a thesis quarter
because of time constraints. Accelerated lifetime tests are ham-
pered by early heater filament degradation and failure. The fil-
ament emicssions from overheated cathodes also coat and block the
view port. More ominous is the lack of correlation between evap-
orant behaviors reported by various researchers. TFor instance,

-0.5
one researcher reported a t

decrease in evaporation rate
(Retf 14:154) while another doing an accelerated test reported a
constant evaporation rate (Ref 13:170). It is likely that the
evaporation rate is a complicated function of temperature and nc
one tuntional relationship deseribes evaporation rate as a func-
tion ot time tor all temperatures,

Kot any tarther atrempts are made to quantify calcium
cvaporaticon rates, U must be ascertained that calcium does irn-
deod evaporate {rom the cathode.  The preponderance of experimerntal
evidence indicates that calcium does evaporate from modern cathodes
(Ref lu, 15) deuspite the perplexing absence of calcium in the evap-
orant stream reported by one reccarcher (Ref 11:255). A Varian
Partial Pressure Cauge (PPO) operated in the mass spectrometer mode

and mounted to intercept the evaporant stream could provide a de-




d increase in cwvaporation rate until 1200Y K was reached, tollowed
e
by decroae of cvaporation rate, was observed by Kauper (Ref
Sroan) . Appesedix A detaile come further experiments to charac-
terice this phenomenon. Modeling o the evaporation rate as a
Wi
e e s U
—_— S U ; — —— -
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tection capability for calcium with a 10~ Torr sensitivity

(i.e., about 8 x 108 Ca atoms in a volume of .025m3 at 293 K).
“lso, the evaporant that plates out on the cold finger could be
chemically analyzed for calcium. Tt would be necessary to en-
sure that any calcium deposited was not solely the result of
surtace detritus left on the cathode surface from the manufac-
turing procecs.

The tent cell confipuration presently includes a PPG
which (¢ mounted about 12 inche:s to one side of the cathode.
There are two Y99 bends in the |oineh tubing which connects the
point of HYogceesn to the ovacuated veolume and the test cell
containing the cathode.  Ceowmetry renders it unlikely that any

Ca gas will nepatiate the talbiine 1t reach the PPG,  Nevertheless,

a number of mass spectra were taben with the cathode operating
at different temperature.. o idual tomospheric gases limited
the PPC sencitivity to 1077 Torp.  Calcium was not observed in
the mauvs spectra.

Father than purcuing acocelerated litetime tests, it mipht
prove more fruitiul to examine cvaporation rates as oa tfunction
of temperature and then try to (it these rates to models of ad-

ditive movement within the oot tiode Lo ed upon knudsen {low, dif-

fusion, and mivration.  An interocting phenomenon involving an




function of temperature might also be useful in answering the
tollowing questions:
(1) Docs the additive evaporate fiom the wuriace, the
. pores, or both?
() 11 it evaporates from the surface, how is the mono-
layer repleniched?

() What i3 the replenishment rate to the surface de-

pendent on?




IV. Conclunions and Recommendations

cConclusiong

Throee methods of detect ing and measuring calcium evapora-
tion rates were explored., lacer induced resonance fluorescence
ot the u>’38"up’rl (4276 A) transition appears to be feasible
and the casiest to implement.  Double pumping of the calcium
atoms {rom the ‘Pl state to a state of shorter lifetime is fea-
sible tor the 4p ['€24d D, transition, but nothing is galned

1 ?

in case i experimental technique over the 4318§4>up1P1 transi-
tion. lonization of the ¢gleium atoms and measurement of the
iton current o teasible but would require significant alteration
of the apparata andd ool ternative to the optogalvanic effect
for tuning the ier, It ha: no advantages over the resonance
fluoresceornc e v, jroach.  The reasonance fluorescence approach re-
quires only that the pump lacer be changed since the present ar-

] pan pump loacer can deliver g maximum of 60 mW of power to the

e Tacor ot the neces e, wuavelenptho.

Bocomimero ot Do

oot U lowingy rec rpnetedat Tonn. are otftered:

() St ain that oaleluam o evaporating from the cath-
cole by use b HI Gperating in the mass shectrometer
mode or by chemical analysic.

() Cearse litetime studies and concentrate on understand-
ing the temperature Jdependence of the evaporation

rate of barium and ¢aloium.

(3) Hodel the mechanism by which barium/calcium reach the

Wt




(u)
(%)
(v.)

cathode surtace.

Use CGreen's model to calculate the expected decrease
in work function and compare with experimental re-
snults (Ref 20).

Redesipn the bellows adjustment mechanism that con-~
trol:, the cathode placement. The present mechanism
I wobbly and difficult to work with.

Do sipn i ctable, adjustable mount for the detection
opticn.  The adjustment controls should be calibrated

o that positioning s reproducible.

y7
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APPENDIX A

Investigation of Evaporation Rate Phenomenon

Reported by Kasper

Kasper measured a barium evaporation rate that increased
with temperature until o peak was reached at about 1200° K, sub-
sequently decrecasing with increasing cathode temperature (Ref
23:38). Zemyan's data spanned 900-1050° K and thus does not
corroborate Kasper's observation (Ref 22:51). 1Is the phenomenon
noted by Kasper a result of cathode physics or is it a function
of the photoun counting system?

The photon counting system used by Kasper consists of an
RCA 8850 photomultiplier tube (PMT), an EGEG Princeton Applied
Research model 1121A amplifier-discriminator, and an EGEG Prince-
ton Applied Research model 1112 photon counter/processor (Figure

A=1).

PHOTON

TNPUT S ap
D>l imi Al DISC M ~oUNTER

PHOTON

STCNAL —~
FORM —\/ \[ R B

L

f'ipure A-1. Schematic of I'hoton Counting System (Ref 38:II-2)
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The maximum number of events the system can count per
second depends upon the dead time, resolving time, and the response
characteristic (paralyzable or nonparalyzable) of the PMT and dis-
criminator. The photon counter is also limited to a maximum data
count ot 99999999 per interval of measurement time. Any counts
exceeding the limit are lost. The PMT is a paralyzable counter
while the discriminator is nonparalyzable. The difference between
a paralyzable and nonparalyzable counter is that the dead time
increaces with increasing input rate for the former and is a con-
ctant value independent ot the input rate for the latter. Dead
time 1o the interval during which the counter cannot recognize
another pulse because it has been desensitized by the previous
pulse.  Feoolving time i a meacure ol how close together two e-
vente aan occeur and still be distinguishable as separate events
by the counter. When the input pulse rate exceeds the resolving
time of the counter, pulse pile up error occurs. The counter adds
the pulues 1t sees within the resolving time interval into one
pulte. While the counter is processing one pulse, it cannot de-
tect Gneether incoming pulse and hence is "dead". Tigure A-2 dius-
playe the relationship ot input pulse rate to output pulses counted
tor parasyvezable and nonparalyeable counters.

Since the resolving time of typical PMTs is 10-40 ns, pulse
pile up error in the PMT would be observable in the range of 2.5 x
107 to 1 x 108 input pulses/sec. Kacper's laboratory notebook in-

dicates that he had to operate the discrimator in the PRESCALE

mode which means that there was a pulse pile up error exceeding
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1% (Ref 39:1V-8). The evaporation vs temperature curve reported ‘
by Kasper looks suspiciously like the result of the PMT operat-
ing in the paralyzed regpion. An experiment was conducted to test

the photon counting gystom,

on-
paralyzable

Loy R out

paralyzablg

Log R in

Vipure £A-2.  Paralyzable-Nonparalyzable Response (Ref 39:IV-8)

Lxperimental Procedure

Measure the evaporation rate of barium vs cathode temper-
ature at Jdifterent incident laser powers. Graph the fluorescent
count ratr v temperature for different laser power. The author
nced an SLEV cathode while Kasper and Zemyan used a type B cathode.
17 the evaporation curve reported by Kasper is a result of cathode
phyeics, one would expect a set of curves similar to Figure A-3a.
I't the phenomenon is a tunction of pulse pile up error in the
count ing uystem, one would expect a set of curves similar to Fip-

ure A-3b.  There is one other hehavior (Figure A-3c¢) which could

Lo expectod an g result of saturation of the fluorescent transi-
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tion. Since the evapordtion rate of barium cannot exceed the
replenishment rate to the surface from the reservoir, there is
conceivably an upper limit to the evaporation rate as the temp-~
ature increases. Also, for any specific incident laser power
the fluorescing transition saturates and the signal should ap-
proach vome constant value.

Two sets ot experimental data were taken. The first
(chown dn Vipare A=) corresponds to Figure A-3a in that the
poak relative eviaporation ra es tor each laser power occur at
the came temperature, in this instance 1050° K instead of 1200°
K ouo Kasper found.  There are several oddities not observed by

Kasper, »pecitically, the dip at 1000° K and the plateau between

1150 and 12507 K for the lower laser powers with a corresponding

second peal tor the hipher powers in the vame temperature range
(Vigure A=4). HNote alse the inversion of the 100 mW curve with
the 80mW curve which may bhe caused by the mode st ucture of the
e Taer ot 100 mW. The two curves at 100 and 135 mW are sus-
poecte e neet S luare seent count: o at 100 and 135 mW are hLased
On onterper atost eattering counts oat those powers.  Actual scat-
torins ot Por et P W owe e et taken because of pump
Py i v it s Thee Taeer wen ntable tor the duration of
Teewp et bt S0 0 B2y ] B W

e el st o oty wean taken o few Jdayvs atter the
Pl b o oo b b L b, Untortanatoely, the detect lon

optics Lot beon Jarred cnouph 1o make detection ot tluorescence

impossible,  After realienment of the detection optics, data was
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taken and the recultant curve at 50 mW appears to follow the be-

havior noted by Kasper with the exception of the peak being shif-
ted trom 1200 to 1000° K (T'ipure A-5). The experiment was termi-
nated at 11509 K during taking of the second set of data because

the pump laver tailed. Data {or 1100° K was not included because
ot pump laser inatability during the measurements. Note that the
100 mW curve lies below the 80 mW curve again.

The praphs in Fipures A-4 and A-S% are of relative evapo-

ration rates.  That is, Zemyan's basic equation (Ref 22:21):

t ° 99 no v Qe (A-1)

where the quantities are the same as noted after Eq (l4) in the

main body of this paper, was rewritten in the form

? . e e
e GV ) s ﬁaé)ﬁn (4 f]uorc“;snt counts " h)
N J° i

D" A
(A=2)
The lett hand oide of (A-2) is the evaporation rate times a con-
Stant. Pxprecsing (A-1) in this manner precludes the necessity
ot conducting Rayleigh ccattering on N? in the test cell to de-

termine eV .o The obvious edviantaves apre that T4 o Lime anh.
e

Uosavon
Gaven exposure of the cathode to atmospheric pressure. 1t a
shandard Wev i~ chosen, then 11 cets of data can be normalize.

to the came value and readily compared.

Discussion ol Fesulty

Clearly the data taken thus far is not conclusive. Tt i.

not certain that the seccond data tollows the trend of the first

b7




. because the experiment was terminated early by pump laser failure.
However, the Tack of a4 detinite peak at 1050° K suggests the curve
shape o the 1 irat datag set are not being duplicated In the sec- i
ond data set.  The realipnment of optics between the taking of
the tirot data et and the second should have changed the magni-
| tude of the relative evaporation rates but not the curve shapes.
The praphs o the second data set (Fipure A-5) resemble a graph
boneattered coant: va laser power for Jdifferent temperatures
(e 22:007) e the two could casily be confused. However, if l
the raw data ot the second et s plotted as grous scattered ;
counts v laser power, a ditterent family of curves is obtained
and it becomes elear that the two graphs have nothing in common.
(Figure A-t). The absence ol o shift in peaks to lower tempera-
ture as laser power increases tor both data sets strongly sug-
yocto that pulee pile up error o not the cause for the phenom- 1
. chian.,
i
| The exclusion of pulse pile up error as the cause for the
phonom eore e et prcc Lude come unknown peculiarity ot the photon
countinge svaten tram being the caune. It is odd that the barium j
cvaporat ton rate in oall the oxperiment:s peaks belore the cathode
cperating temperature i reached (10509 C or 1323° K).  There is
anotiher oddity that cshould be mentioned here. Zemyvan tuned the
5 lacer ofl the re.onance wavelength, precluding excitation of bar-
inm tluorercence, and measured the laser scatter from the vapor.
o the evaporation prate 1o chaneing with temperature, one would
cxpect the laser scatter from the vapor to track the change in §
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